ABSTRACT By indirect immunofluorescence techniques, microtubules and mitochondria were localized in normal rat kidney cells, human WI38 fibroblasts, mouse peritoneal macrophages, and a putative smooth muscle rat cell line, in monolayer culture. The mitochondria were found to be arranged along the cytoplasmic microtubules in each cell type. Disruption of the microtubules with colcemid caused a redistribution of the mitochondria in these cells. There was no correlation between the location of the mitochondria and actin-containing filaments. This evidence suggests that mitochondria are directly or indirectly associated with microtubules in these cells.
The control mechanisms that determine the location and movement of intracellular organelles are not well understood. Microtubules have often been implicated in such phenomena, particularly in connection with membrane-bound intracellular organelles. By now, the literature on this subject is too voluminous to cite adequately; as examples, see refs. 1-6. In the present paper, we confine our attention to possible interactions between microtubules and mitochondria. The most impressive previous evidence for the existence of such interactions has come from electron microscopic studies of neuronal axons (7, 8) . In these elongated cell processes viewed in cross sections, the proximity of mitochondria to microtubules has been shown statistically to be much greater than expected from a random distribution; furthermore, by heavy positive staining, what appear to be cross bridges between microtubules and proximal mitochondria have been demonstrated. These studies, however, leave open the question whether these microtubular-mitochondrial interactions are general to all cells or only to highly specialized axonal processes, as well as many other questions relating to the detailed mechanisms and possible functions of such interactions. Furthermore, the thin-section electron microscopic method for detecting such interactions is feasible only with oriented cell processes such as axons, and, at least intially, other methods are required for the more general case.
During studies from this laboratory on the fluorescence staining of specific intracellular components, we have obtained clear evidence at the light microscopic level of resolution for an association between microtubules and mitochondria in several unrelated types of cultured cells. This evidence is presented in this paper.
MATERIALS AND METHODS
Antitubulin Antibodies. Tubulin was prepared from 12-day-old chick embryo brain by the disaggregation-reaggregation method of Shelanski et al. (9) . The preparations that were used for immunization had a relatively small amount of microtubule-associated protein in addition to microtubule protein. The animals were immunized by a modification of the procedure described by Van Vunakis et al. (10) . The protein (1.0 mg) was mixed with an equal weight of methylated bovine serum albumin and Freund's complete adjuvant and injected in the toe pads and foot pads of New Zealand white rabbits. After 3 weeks the rabbits were injected intramuscularly with tubulin (1.0 mg) in Freund's adjuvant. Three weeks later they were injected (1.0 mg of protein) intravenously and bled after another 7 days. The intravenous injection was repeated three more times until high-titer antibody was obtained.
In order to test the specificity of the antiserum, we prepared tubulin, free of microtubule-associated protein, by DEAESepharose chromatography and by phosphocellulose chromatography (11, 12) . The serum was absorbed at equivalence with the purified tubulin. The absorbed serum showed little or no reaction when tested by complement fixation (13) against the initial tubulin preparation (Fig. 1) . The specificity of the antitubulin reaction was further demonstrated by testing it against a variety of other proteins. It gave no reaction against purified smooth muscle myosin or chicken'gizzard filamin.
Cells and Cell Staining Methods. W138 and NRK cells were grown as described (14) . The putative smooth muscle rat cell line AIO (15) was obtained from David Shubert of the Salk Institute and was grown in Dulbecco's modified minimal essential medium supplemented with 10% fetal calf serum. Mouse peritoneal macrophages were obtained from unstimulated BALB/c mice and maintained in the modified minimal essential medium supplemented with 5% fetal calf serum. All cells were maintained at 370 in a humid atmosphere of 90% air/10% CO2.
Cells grown on coverslips were fixed and made permeable by a 3O-min treatment with 3% formaldehyde followed by a 2-min exposure to 0.1% Triton X-100 as has been described (16). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
IgG. Rabbit anti-chick brain tubulin IgG (0.2 mg/ml) was used to localize microtubules (16) . Rabbit antiserum against beef heart cytochrome c oxidase (dilution 1/20), the gift of Efraim Racker, was used to localize the mitochondria. The specificity of this antibody has been described (17) . As a control, normal rabbit serum was found to give only very low background staining.
Actin was localized by using biotinyl heavy meromyosin and fluorescein-avidin as described (14, 16 (Fig. 2b) . The distribution of mitochondria was strikingly similar to that observed when microtubules (18) were specifically stained by indirect immunofluorescence (Fig. 2a) Fig. 2 . Note that in areas of the cell, such as the lower left portion, where microtubules are largely absent, the'mitochondria are also absent, but actin is abundantly present. (X700.) munofluorescent staining of both microtubules and mitochondria was then carried out simultaneously on the same cells with the same fluorochrome, rhodamine. This was possible because the labeled mitochondria were easily distinguished morphologically from the labeled microtubules. In such fields (Fig. 2c) , it was clear that in the peripheral regions of the cells the large majority, if not all, of the mitochondria were arrayed along the microtubules with their long axes generally parallel to the long axes of the microtubules. Essentially the same results were seen with human WI-38 fibroblasts (Fig. 3d) , macrophages (Fig. 2e) , and A10 cells (Fig. 2d) . If the microtubules in these cells were first disaggregated by a 3.5-hr treatment with Colcemid at 0.25 ,g/ml and then stained for cytochrome c oxidase, the mitochondria were found to have retracted from the cell periphery to the region around the nucleus. An NRK cell after such treatment is shown in Fig. Sa . Macrophages treated similarly also showed a redistribution and some clumping of mitochondria. However, the drug treatment also caused dramatic shape changes in the macrophages, complicating the interpretation of this experiment.
The possibility that actin-containing filaments might also be associated with the mitochondria was explored by a triplestaining procedure. The cytochrome c oxidase and tubulin staining was carried out simultaneously with rhodamine indirect immunofluorescence; on the same specimens the actin was then specifically stained with biotinyl heavy meromyosin and fluorescein-conjugated avidin.
Macrophages, which lack an extensive network of stress fibers, showed diffuse actin staining in all regions of the cell, and no correlation could be discerned between the location of the mitochondria and microtubules on the one hand and that of the actin on the other (not shown). In the fibroblasts and the smooth muscle cells, which contain a distinct array of actin-containing fibers of regular orientation, the distribution of the mitochondria was clearly independent of that of the actin (Fig. 3 c and  d) . DISCUSSION These experiments demonstrate that in several different types of cultured cells most, if not all, of the mitochondria are associated with cytoplasmic microtubules. This association is not adventitious because there is no indication of an association of mitochondria with cytoplasmic actin in these cells. The association of mitochondria with microtubules strongly suggests the existence of some kind of specific linkage, either direct or indirect, between them; no other reasonable explanation has occurred to us. It is hard to imagine, for example, that some nonspecific electrostatic interaction can be responsible for the association when so many other intracellular components (such as actin) are also present in the immediate vicinity of the mitochondria and microtubules.
It is possible that the association of mitochondria with microtubules is not direct, but is through a linkage to other structures associated with micotubules. For example, in some cases (19) regulated by the association with microtubules. The fact that the distribution of mitochondria is markedly altered when the microtubules are disrupted by colcemid treatment is consistent with this view. Such regulation of the distribution of mitochondria inside cells is likely to be important in controlling local concentrations of ATP, divalent cations, and other cell constitutents involved in mitochondrial metabolism. The observed microtubular-mitochondrial association may also be directly involved in the intracellular movements of mitochondria. It has been proposed that such movements involve the successive making and breaking of linkages, with the mitochondria moving along the microtubules as along a track (8) .
Associations between microtubules and other membranebound intracellular organelles have been proposed (20) (21) (22) and their possible existence could be explored by the appropriate specific immunofluorescence techniques as used in this paper.
